Powers AC. Human islet preparations distributed for research exhibit a variety of insulin-secretory profiles. Am J Physiol Endocrinol Metab 308: E592-E602, 2015. First published February 3, 2015 doi:10.1152/ajpendo.00437.2014.-Human islet research is providing new insights into human islet biology and diabetes, using islets isolated at multiple US centers from donors with varying characteristics. This creates challenges for understanding, interpreting, and integrating research findings from the many laboratories that use these islets. In what is, to our knowledge, the first standardized assessment of human islet preparations from multiple isolation centers, we measured insulin secretion from 202 preparations isolated at 15 centers over 11 years and noted five distinct patterns of insulin secretion. Approximately three quarters were appropriately responsive to stimuli, but one quarter were dysfunctional, with unstable basal insulin secretion and/or an impairment in stimulated insulin secretion. Importantly, the patterns of insulin secretion by responsive human islet preparations (stable Baseline and Fold stimulation of insulin secretion) isolated at different centers were similar and improved slightly over the years studied. When all preparations studied were considered, basal and stimulated insulin secretion did not correlate with isolation center, biological differences of the islet donor, or differences in isolation, such as Cold Ischemia Time. Dysfunctional islet preparations could not be predicted from the information provided by the isolation center and had altered expression of genes encoding components of the glucose-sensing pathway, but not of insulin production or cell death. These results indicate that insulin secretion by most preparations from multiple centers is similar but that in vitro responsiveness of human islets cannot be predicted, necessitating preexperimental human islet assessment. These results should be considered when one is designing, interpreting, and integrating experiments using human islets.
THE AVAILABILITY OF HUMAN ISLETS for basic and translational research has increased markedly over the past decade, fueling insights into human islet biology and diabetes. Studies of human islets have provided insight into human islet morphology, ␤-cell proliferation (2, 5, 6, 12) , epigenetics (2, 4 -6, 12, 22) , regulation of insulin secretion (9, 25, 28, 29) , nutrientinduced toxicity (10, 23, 36) , transcription factor regulation (10, 14, 16) , and transplantation of human islet cells (1, 5, 26) . For example, human ␤-cells proliferate at much lower frequency in vivo than mouse ␤-cells (24, 27) and respond to different regulators than mouse ␤-cells (2, 18) . Such advances in our understanding have spurred interest in research with human islets and the demand for human islet tissue.
In the United States, human islets are currently available for research via the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)-supported Integrated Islet Distribution Program (IIDP; https://iidp.coh.org), which replaced the National Islet Cell Resource Center Consortium (ICR) in 2009. Human islets isolated at IIDP-affiliated isolation centers are shipped overnight to recipient laboratories (20) . Both the number of investigators applying to receive human islets and the total number of requested islets have risen dramatically (21) . Along with each islet preparation, the isolation center provides metrics of the isolation procedure, e.g., cold ischemic time, estimated culture time, and purity and viability of the islets, as well as deidentified donor information (age, Sex, BMI, race) that is released by the organ procurement organization.
Currently, there are no accepted standards to uniformly evaluate and report the health and function of human islets prior to experiments, to present data from multiple islet preparations from different isolation centers, or to compare the human islet data from different laboratories. Human islet research uses islets from donors of different ages, sexes, BMIs, and races, that are isolated at isolation centers with different personnel and then shipped to investigators across the US. Certain donor attributes and isolation conditions may correlate with higher or lower islet yield upon isolation (19, 32, 37) , but little is known about these potential relationships. Furthermore, how or whether to assess the health and function of health of islet preparations prior to study is not standardized. Some laboratories assess human islet health and/or function using methods such as measurement of oxygen consumption (7, 35) or insulin release in response to stimuli (3, 10) , among others (15, 16) . Although studies have examined the relationship between donor attributes and insulin release in the context of a single isolation center (9) , little is known about insulin secretion compared among islet preparations from different isolation centers, which reflects how human islet research is currently being conducted in most research laboratories.
To define the functional variability in human islet preparations being used for research in the United States, we analyzed categorical and functional data from 202 human islet preparations distributed by the IIDP/ICR, many which were also used by other investigators. Functional data were obtained via islet perifusion, a method that assesses integrated ␤-cell function with high temporal resolution and in sequential response to multiple secretagogues (3). Our studies indicate that the majority of islet preparations from 15 centers are functional, appropriately secreting insulin in response to two stimuli. However, a sizeable minority of preparations was dysfunctional. These studies suggest necessary considerations for conducting, reporting, and interpreting research with human islets.
RESEARCH DESIGN AND METHODS
Human islet acquisition and assessment. Human islets were received by overnight shipment from centers supported by the National Institutes of Health (NIH), the Integrated Islet Distribution Program (IIDP, iidp-.coh.org), Juvenile Diabetes Research Foundation (JDRF), or the Islet Cell Resource Centers (icr.coh.org), during the years 2002-2013. Islet preparations originated from the centers listed in the section below (Isolation centers). Decisions regarding which islet offers to accept were made based on experimental needs of our laboratory; we did not favor, request, or decline islets from a particular center. Islets were shipped overnight to Vanderbilt (20) and plated into 15 ml of CMRL1066 medium at a density of 12,000 -15,000 IEQ per 10-cm nontreated tissue culture dish (Corning, Corning, NY; cat. no. 430591). From 2002 to 2007, 100 islets were perifused, and in each case an islet equivalent (IEQ) value was calculated (10). Since 2006, 60 islets of 180 m diameter (ϳ104 IEQs) have been used. Data from all years were normalized to 100 IEQ. Islets were handled and perifused as described (10) . Importantly, all human islet preparations were hand-picked in our laboratory prior to perifusion, making the purity of human islets during perifusion higher than the purity reported by the isolation center. Human insulin was measured with an insulin radioimmunoassay from Millipore (cat. no. RI-13K) (10) . Some perifusion profiles were part of previously published datasets (5, 6, 10, 14) .
Individual isolation centers have performed static culture of isolated human islets and now regularly report these data to the IIDP (some of these data are presented in Fig. 4H , thanks to the assistance of Barbara Olack). The IIDP-published protocol for this static culture (QA-005 Potency Test: Glucose Stimulated Insulin Release Assay) can be found at https://iidp.coh.org/investigator_sops.aspx. Static culture assays performed in our laboratory (Fig. 4I ) measured insulin secretion from 60 size-matched islet into RPMI medium over 1 h at 37°C. Previously published data points (open squares) reflect the stimulation index of secretion at 11 mM glucose divided by secretion at 5 mM glucose (10) . New data points (closed squares) reflect the stimulation index of secretion at 16.7 mM glucose divided by secretion at 5.6 mM glucose.
Isolation centers. Islets in these studies were procured from the following isolation centers (in alphabetical order): Emory University (Atlanta, GA), National Institutes of Health (Bethesda, MD), Northwest- Statistical analyses. The criterion of isolation centers with seven or more islet preparations for further analysis was established by examining the distribution of islet preparations per center. We chose the cut-off point of seven as it provided the best balance between observations per center and number of different centers examined. To study the full spectrum of individual attributes at each site required a control for any potential effect of the center and a sufficient number of islet preps from each center. For univariate analyses, we used a Wilcoxon rank sum test to assess differences between the distributions of islet attributes for each donor attribute. This nonparametric test makes no assumptions about the normality of the islet attribute. We compared our univariate results to an analysis of variance (ANOVA) of log-transformed islet attributes and found no meaningful differences; thus, for all further adjusted analyses, we continued with the log-transformed ANOVA approach, which provides easier interpretation and the ability to adjust for covariates. We also examined the impact of variable missingness on all islet attributes, treating missingness as a categorical variable; this revealed no relationships between missingness and islet attributes. All categorical variables (Center, Race, Sex, Cause of Death, Estimated Culture Time, and Year) were treated as factors. Continuous variables (Cold Ischemia Time, age, BMI, Viability, and Purity) were modeled as a continuous variable in linear regression and were also binned into quantiles and treated as a categorical variable in an ANOVA. For univariate analyses, statistical significance (calculation of a P value) was assessed by a Student's t-test of the regression coefficient. For adjusted analyses, significance was assessed by a one-degree-of-freedom likelihood ratio test comparing a full model (with covariate and variable of interest) to a reduced model (with the covariate only). Polytomous regression was conducted to examine pairwise differences between categorical outcomes. Individual perifusion data points (24 per islet preparation, fractions 7-30) were modeled using a nonlinear mixed-effects model with an eight-knot spline function. Eight knots were chosen to optimally capture the characteristic features of the islet response curve while preserving degrees of freedom. This analysis hierarchically fits an islet response curve separately within each categorical group of the analysis, allowing qualitatively different curve fits within each group. The spline analyses were performed assessing the effects of categorical variables, allowing different insulin secretion response curves to be fitted within different categories of the variable. Continuous variables were not modeled in this way, because selecting cut-off values to generate categorical "bins" would not be biologically informed and would significantly reduce statistical power. Statistical significance for these analyses was assessed by a likelihood ratio test comparing a full model (with one random effect for the variable of interest and one for the individual) to a reduced model (with a random effect for individual alone). All statistical analyses were conducted using R 3.0.1, packages (nlme, lmeSplines), and functions (lm, glm, aov, and lme). The procedures used for this modeling are available upon request. Linear regression analyses for Fig. 4 and ANOVAs for Fig.  6 were performed using Prism v. 6.0d.
Human islet transplantation and assessment of in vivo function. Human islets (ranging from 500 to 2,000 islet equivalents) were transplanted into immunodeficient mice as described previously (5). These transplantation studies were performed for other projects, not specifically for these analyses. In vivo insulin secretion by human islets (2-5 wk after transplantation) was assessed both before and 15 min after glucose-arginine IP injection following a 6-h fast. Each animal received a 500-l injection containing 62.5 mg dextrose and 62.5 mg L-arginine (Sigma-Aldrich, St. Louis, MO). All in vivo insulin secretion data used in these analyses reflect human islets that were transplanted into normoglycemic mice on regular chow diet. Plasma human insulin content in blood samples was measured using a human-specific radioimmunoassay (Millipore cat. no. HI-14K) by the Vanderbilt Hormone Assay & Analytical Services Core or by our laboratory and normalized to the number of islet equivalents transplanted. All animal studies were approved by the Vanderbilt Institutional Animal Care and Use Committee.
Quantitative RT-PCR. Quantitative RT-PCR of total cellular RNA was performed as previously described (10, 14) using Applied Biosystems primers, following the MIQE guidelines (17) .
RESULTS

Influence of donor and islet attributes.
To characterize the influence of donor and islet attributes on human islet prepara- Fig. 1 . Order of events for assessing human pancreatic islets. A: islets isolated from donor pancreata at isolation centers were shipped by overnight courier to Vanderbilt, where they were hand-picked for further purity and IEQ quantification. Islets were perifused to assess in vitro function. Islets were used for subsequent studies that are not part of the current report. B: images showing a human islet preparation before (top left) and after (top right) hand picking. Immunolabeling of human islets for DAPI (blue), insulin (green), and glucagon (red) embedded in collagen gel (far right).
tions used for studies in our laboratory, we hand picked (Fig.  1B) and assessed the insulin-secretory profile of 202 human islet preparations from 15 islet isolation centers during the years 2002-2013, using a dynamic cell perifusion system (Fig.  1A) . We first grouped and examined attribute values (Table 1) by isolation center. In the 202 islet preparations, most donor (Table 2 ) and islet attributes (Table 3) had similar values and ranges among the majority of centers, with one or two centers contributing significant variation. To reduce bias from differences in sample size across centers, we chose for further analysis (beyond statistical summarization) only centers that provided seven or more preparations, leaving 183 islet preparations from 11 centers (Centers 1, 2, 3, 6, 7, 8, 9, 10, 11, 14, and 15) for subsequent analysis.
Grouping of islet preparations by in vitro response. The shape of the perifusion response (insulin secretion) curves varied among preparations, suggesting that combining all data sets could veil biological differences and the contribution of other factors to islet secretion. Among 183 preparations, we noted five recurring in vitro insulin secretion patterns, defined as follows ( Fig. 2) : Group 1 preparations: stable Baseline at 5.6 mM glucose, well-defined Peaks in response to both 16.7 mM glucose and 16.7 mM glucose ϩ IBMX (denoted by both Fold 1 and Fold 2 exceeding 1.5), and a Peak2 Max that was higher than Peak1 Max ( Fig. 2A) . Group 2: Peak1 Max that was higher than Peak2 Max (Fig. 2B) ; Group 3: no Peak in response to 16.7 mM glucose (Fold 1 Ͻ 1.5) but a Peak in response to 16.7 mM glucose ϩ IBMX (Fold 2 Ͼ 1.5) (Fig. 2C) ; Group 4: unstable Baseline at 5.6 mM glucose (Fig. 2D) ; Group 5: no response to either stimulus (Fold 1 and Fold 2 Ͻ 1.5) (Fig. 2E) . The majority of preparations (72%) were in Group 1 (Fig. 3 , C and D) despite representing a variety of Centers, Years, donor attributes, and islet attributes. However, 12% of preparations were in Group 5, and the remaining 16% were in Groups 2, 3, or 4 (Fig. 3, C and D) . Thus, caution is appropriate when making assumptions about performance of a specific human islet preparation.
Distribution of islet response groups. We next examined potential reasons for the variability in stimulated insulin secretion. The distribution of preparations among response Groups 1-5 was not influenced by Center (Fig. 3A) or Year (Fig. 3B) . To determine whether donor or islet attributes correlates with a particular response group, we compared Group 1 with Group 5 and then searched for attributes associated with an increased probability of any group. Race was the only factor that influenced probability of Group 1 vs. Group 5 (P ϭ 0.007), which was also demonstrated by polytomous regression analysis (Fig. 5D) . No other donor or islet attributes influenced group.
Univariate analysis of donor and islet variables. To assess whether donor and islet attributes affected in vitro secretion, we focused on Group 1 islet preparations, because attributes of Groups 2-5 (uneven Baseline or lack of Peak1, Peak2, or both) might obscure an association between donor or islet attributes and secretion response. Within Group 1 preparations specifically, both Center and Year influenced Baseline (Fig. 4, A and D, respectively) , and Center influenced Fold 1 (Fig. 4B) . The relationship between Center and Fold 2 suggested a trend but did not meet statistical significance ( Fig. 4C ; P ϭ 0.06). There was a linear relationship of decreasing Baseline and increasing Fold 1 and Fold 2 as Year increased (Fig. 4, D-F) . Linear regression analysis revealed that these relationships were significant (P ϭ 0.008, 0.001, and 0.005, respectively). We adjusted all subsequent analyses for Center or Year, removing the contribution of each variable (adjusting for both Center and Year simultaneously was not possible due to loss of statistical power). When adjusted for Center, Baseline was influenced by Purity (P ϭ 0.048) and Year (P ϭ 0.005), Fold 1 was marginally influenced by Year (P ϭ 0.051), and Fold 2 was influenced by Cause of Death (0.016). When adjusted for Year, Fold 2 was influenced by BMI (P ϭ 0.045). These results indicate that (1) Baseline and Fold 2 may be influenced by separate variables, (2) Baseline decreases and Fold changes increase linearly with increasing Year, and (3) when Center or Year is controlled for, only Purity, Cause of Death, and BMI influenced any measure of the in vitro response. This suggests that in vitro responses of islet preparations available for research are improving over time (becoming more similar to a Group 1 curve, with low Baseline and large Fold increases).
In vitro stimulated insulin secretion does not correlate with in vivo function of responsive islet preparations.
To address whether in vitro stimulated insulin secretion predicts in vivo function, we assessed 12 Group 1 preparations that were transplanted as part of other projects. For the 12 transplanted preparations, the average in vivo fold change from basal to stimulated insulin was 2.46 Ϯ 0.38. There was a poor linear relationship between Fold 1 (derived from perifusion) and in vivo fold change (derived from in vivo glucose-arginine stimulation; Fig. 4G ) among these 12 preparations. Twelve transplanted islet preparations did not provide sufficient statistical power to detect an effect of donor or islet attributes on measures of in vivo insulin secretion.
Comparison of static culture and perifusion measures of stimulation insulin release. To compare perifusion and static culture as methods for functional islet assessment, we plotted static culture stimulation indexes (reported by the isolation centers) against Perifusion Fold 1 responses (measured in our laboratory) of 30 human islet preparations. We observed no linear correlation between the two measures (Fig. 4H) , indicating that static culture does not predict stimulated insulin secretion by islet perifusion. We then analyzed seven preparations for which both assays were conducted in our laboratory, on the same day (Fig. 4I ). This analysis yielded the same result, namely that stimulated insulin values do not correlate well between perifusion and static culture.
Modeling of insulin secretion as assessed by perifusion. To graphically represent the effects of significant attributes uncovered in our univariate analyses, we fit splines (curves) of the raw combined perifusion data for all preparations using nonlinear mixed effect models, which produce representative curves separated by different attributes of interest, such as Center, Year, and Cause of Death. Splines are defined by the full complement of in vitro data points, but they have smoothed shapes that ease visual interpretation and reduce degrees of freedom. Differences in secretion correlated with Center ( Fig. 5A) and Year (Fig. 5B) , in that two centers had a higher Baseline and Peak Max values than the majority. However, Centers had similar average curve shapes. Baseline and Peak Max values generally decreased with Year, but Fold changes increased, as observed in our linear regression analyses (Fig. 4, D-F) . Cause of Death (Fig. 5C) (Fig. 6, A and B) . Transcript levels of GLUT2 (SLC2A2), glucokinase (GCK), and MafA (MAFA) were significantly lower in Group 5 islets (Fig. 6C) , but insulin was similar (Fig. 6C) , highlighting alterations in glucose sensing rather than in insulin production. Notably, there was no difference in the expression of apoptosis markers Chop, Bid, and Bad (Fig. 6D) , indicating that a lack of response to stimuli is not simply due to apoptosis or ␤-cell death. We assessed insulin content from 30 human islet preparations (Fig. 6E) to address whether insulin content differed among the response groups,. The values and amount of variation appear similar among the five groups, with the two values for Group 5 (unresponsive) preparations calling within the range of values for Group 1 preparations. We were unable to perform an ANOVA due to the low frequency of Groups 2-5 preparations in the 30 preparations analyzed.
DISCUSSION
Research using human islets is providing new insight into human islet biology and diabetes. The fact that human islet preparations for research are isolated at multiple centers from donors with varying characteristics presents a challenge to understanding, interpreting, and integrating research findings that arise from multiple laboratories using these islets, as little is known about the variation among preparations. We report the first comprehensive, standardized assessment of human islet function by using preparations from multiple isolation centers. We used islet perifusion to assess human islet health and function, because it is more informative than static incubation, by allowing measurement of a sequential and temporal response to multiple secretagogues. We assessed insulin secretion from 202 human islet preparations from 15 centers over an 11-year period, and examined whether the variation among islet preparations related to biological differences or variability in islet isolation procedures.
We noted five recurring insulin secretion patterns (groups), defined by the degree and nature of responsiveness to two stimuli (16.7 mM glucose with or without IBMX). The five insulin secretion patterns (groups) suggest differences in the underlying biology of the preparations. For example, Group 2 preparations differed fromthose of Group 1 (ideal responders) by having a lower Peak2 Max than Peak1 Max , potentially indicating that insulin stores were depleted after stimulation with 16.7 mM glucose or that elevation of cAMP via the phospho- diesterase inhibitor IBMX is not a contributory mechanism for insulin secretion in these islets. Group 3 preparations lacked a Peak1 but maintained a modest Peak2, which suggests that cAMP may be the sole signaling mechanism for stimulated insulin secretion in these islets. Group 4 preparations had inconsistent basal secretion, evidencing unregulated release. Last, Group 5 preparations lacked both peaks, but these islets were not apoptotic, meaning that, because they may have normal insulin content, they may be able to recover functionality. The expression of genes encoding proteins in the glucose-sensing pathway is reduced in Group 5 islets, suggesting that these preparations are unhealthy in other ways, which requires further investigation. Although the retrospective nature of our study did not permit comparison of protein levels of these glucose-sensing genes between Group 1 and Group 5 islets, we note that, in prior work (10, 14) , mRNA levels of human islet transcription factors correlated well with their respective protein levels.
Interestingly, neither islet attributes nor information from the islet isolation center predicted the likelihood of a preparation being in a particular response group. However, within Group 1 (highly responsive) human islet preparations specifically, both Center and Year did influence individual measures of insulin secretion (Baseline, Fold 1, and Fold 2). Overall, the pattern of insulin secretion in these preparations was remarkably similar among centers and across the years studied.
To limit the potential interrelatedness of Center and Year as variables, we controlled for either Center or Year and examined the effect of donor and islet attributes on Baseline, Fold 1, and Fold 2. In these controlled analyses, Cause of Death, Purity, and BMI influenced individual measures of insulin secretion (Fold 2, Baseline, and Fold 2, respectively). Each of these variables influenced only one of the three measures, which may simply highlight that basal, glucose-stimulated, and cAMP-mediated insulin secretion work via distinct mecha- nisms, or it may suggest that no attribute is potent enough to impact all three measures.
The influence of Center on individual measures of in vitro function may be partly procedural, or it may reflect the donor pool seen by that center (e.g., perhaps one center receives more organs from donors dying in motor vehicle accidents). Year of isolation is of interest for both procedural and practical reasons: not only because an influence of Year could stem from changes in personnel at isolation centers, standards of practice, or adherence to protocol among centers, but also because practical aspects of isolation have changed with time, such as changes in the lot number or provider of digestive enzymes. Our linear regression and spline modeling results indicate that in vitro insulin secretion from human islet preparations has improved over the years studied.
The assessment of 12 transplanted preparations with Group 1 response profiles demonstrated a poor correlation between in vitro and in vivo stimulation-induced changes in insulin secretion (Fig. 4G) . It has previously been suggested that in vitro stimulated insulin secretion does not well predict in vivo graft function (33, 34) , although those studies did not use perifusion as the in vitro assay. Conversely, a comparison of multiple quality control assessment methods, which did not include perifusion, found that only static islet stimulation identified preparations as being "good" or "poor," based on their in vivo function (16) . A limitation of our analysis is the lack of in vivo data from Group 5 preparations, because we deemed these not suitable for transplantation. A study directly comparing the relationship between in vitro and in vivo function of Group 1 and Group 5 preparations is needed to further address whether perifusion data can be useful for predicting in vivo function.
We used perifusion to assess in vitro islet function because it integrates ␤-cell function with high temporal resolution and allows sequential responses to multiple secretagogues. Static incubation is widely used to assess glucosestimulated insulin secretion. However, our analyses (Fig. 4 , H and I) indicate that stimulation of insulin secretion in static islet culture does not correlate with stimulated insulin secretion via perifusion. Other approaches used to assess islet health have included glucose-induced changes in oxygen consumption rate (7, 31, 34, 35) , glucose-induced preproinsulin mRNA expression (30) , and mitochondrial integrity (16) . Given that these approaches, including islet perifusion, are not widely available and preexperimental human islet assessment is critical, a new approach for islet distribution programs is necessary. Perhaps every islet preparation should be perifused or assessed by the islet isolation center and this functional information provided to investigators receiving the islets for research.
We noted a significant relationship between human islet responsiveness and Cause of Death, observed by spline modeling, but this interpretation is complicated by interrelated variables. Despite the fact that Cause of Death is reported by the institution where the organ was procured, using nationally standardized phrases, some causes of death can have multiple appropriate definitions, such as "anoxia" encompassing multiple types of hemorrhage or "motor vehicle accident" causing "head trauma." The mechanism by which Cause of Death influences islet response remains unclear, but it is known that events immediately preceding death can impact islet health, such as oxidative stress impairing islet function and islets from brain-dead donor rats being functionally inferior (both in vitro and in vivo) (8, 11) . However, the fact that our data suggest various types of anoxic events affect islet function differently suggests that Cause of Death is acting as a surrogate for more than one variable.
The implications of our findings for human islet research are both encouraging and cautionary. The majority of islet preparations from each center and year (with the exception of Center 15 and Year 2004) have a responsive profile (Group 1). However, dysfunctional islet preparations are being shipped from all centers and are being used in studies where islet responsiveness is assumed. The information currently provided to researchers is insufficient to predict the functional profile of a human islet preparation.
The insulin secretion profiles of islet preparations should guide the way investigators represent collected data. For example, if two of six human islet preparations in a study had a pattern like in Groups 2-5, it might confound interpretation to combine gene expression data. In a study with only three or four human islet preparations, there would be an even greater impact of including a dysfunctional preparation, which would be statistically likely. Likewise, in a study examining the contribution of cAMP-mediated insulin release, Group 2 preparations should perhaps be treated separately from Group 1 preparations. Thus, combining data from islet preparations with different health and functional statuses may confound interpretation, leading to inappropriate conclusions. It is advisable that researchers perform a preexperimental functional assessment to select appropriate islet preparations for experimental purposes.
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